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Sec18p (NSF)-Driven Release of Sec17p (a-SNAP)
Can Precede Docking and Fusion of Yeast Vacuoles
Andreas Mayer, William Wickner, and Albert Haas through the Golgi apparatus to the endosomes and
plasma membrane (Beckers et al., 1989; Orci et al., 1989;Department of Biochemistry
Graham and Emr, 1991). They arealso needed for synap-Dartmouth Medical School
tic vesicle fusion (SoÈ llner et al., 1993a; DeBello et al.,Hanover, New Hampshire 03755-3844
1995), secretion in chromaffin cells (Roth and Burgoyne,
1994), transcytosis (Sztul et al., 1993), and endosome±
endosome fusion (Diaz et al., 1989; Rodriguez et al.,Summary
1994). Vesicular traffic between the trans±Golgi network
and the plasma membrane in epithelial cells requiresS.cerevisiae inherits its vacuole by projecting vacuole-
NSF for the basolateral route, but probably not for thederived membrane vesicles and tubules into the bud,
apical route (Ikonen et al., 1995). Homotypic ER to ERwhere they fuse to establish the daughter vacuole.
fusion and nuclear fusion during yeast mating depend onThis homotypic fusion event can be assayed in vitro.
Cdc48p, an NSF-related protein (Latterich et al., 1995).It requires Sec17p and Sec18p, the homologs of the
Together with NSF, the mammalian Cdc48 homolog p97mammalian a-SNAP and NSF, which cooperate in mul-
is also necessary for rebuilding the Golgi from vesiculartiple steps of membrane trafficking. We now report
Golgi fragments (Rabouille et al., 1995; Acharya et al.,that Sec17p, Sec18p, and ATP are only needed for
1995).an early stage of the reaction that results in Sec17p
Homotypic vacuole fusion, which occurs during vacu-release. Sec17p and Sec18p actions precede, and are
ole inheritance in yeast, depends on the a-SNAP homo-needed for, the step employing the Ras-like GTPase
log Sec17p and the NSF homolog Sec18p (Haas andYpt7p. Sec18p-driven release of Sec17p can even pre-
Wickner, submitted). Both proteins are present on thecede vacuole docking, as it can occur prior to mixing of
vacuoles. Vacuole fusion is sensitive to antibodies orvacuoles and is insensitive to vacuole concentration.
Fab fragments against Sec18p or Sec17p. PurifiedSec17p and Sec18p thus may function in a predocking
Sec18p stimulates the reaction and reverses a block bystage of the reaction, rather than in bilayer fusion per
Sec18p antibodies. There is no indication of Cdc48pse.
involvement, since Cdc48p antibodies do not inhibit the
reaction and vacuoles prepared from cdc48 mutants
Introduction fuse normally. The reaction driven by purified Sec18p
is suppressed by reagents interfering also with the cyto-
Organelles must duplicate in conjunction with the cell sol-driven fusion reaction, e.g., antibodies to Ypt7p,
cycle and be spatially segregated into each daughter Gdi1p, mastoparan, neomycin, and GTPgS. Moreover,
cell (Warren and Wickner, 1996). In early S phase, the palmitoyl±coenzyme A stimulates the Sec18p-depen-
vacuole (lysosome) of Saccharomyces cerevisiae pro- dent fusion reaction.
jects a ªsegregation structureº of membrane vesicles SNAP receptors (SNAREs) are integral membrane pro-
and tubules into the bud (Weisman and Wickner, 1988; teins (SoÈ llner et al., 1993b). The SNARE hypothesis pro-
Gomes de Mesquita et al., 1991; Raymond et al., 1992), poses that the docking and fusion is initiated by binding
which fuse there, founding the new vacuole. Vacuole of a vesicle-bound SNARE (v-SNARE) to its target mem-
inheritance is impaired in vac mutants, which form large brane SNARE (t-SNARE). v-SNAREs, which can be com-
buds with little vacuole material (Weisman et al., 1990; posed of subunits, are believed to be assembled and
Weisman and Wickner, 1992; Shaw and Wickner, 1991). activated by a reaction requiring Ras-related GTPases
Isolated vacuoles, incubated with ATP and cytosol, can (Lian et al., 1994). The interaction between SNAREs,
form segregation structures and fuse in a cell-free reac- SNAPs, and NSF has been investigated in detergent
tion (Conradt et al., 1992; Haas et al., 1994, 1995). In vitro extracts. v-SNAREs can pair with t-SNAREs, forming 7S
fusion, monitored by fluorescence microscopy, leads to complexes (SoÈ llner et al., 1993a; Pevsner et al., 1994).
the formation of large vacuoles with up to five times the These 7S complexes bind SNAPs and NSF (McMahon
original diameter. Fusion and contents mixing can also and SuÈ dhof, 1995), yielding 20S ªfusion particlesº (Wil-
be measured biochemically and is defective if assay son et al., 1992; Whiteheart et al., 1992). ATP hydrolysis
components stem from vac mutants (Conradt et al., by NSF causes release of NSF and SNAP and disassem-
1992; Haas et al., 1994; Nicolson et al., 1995). Fusion is bly of the 20S complex (Wilson et al., 1992; SoÈ llner et al.,
supported by the Ras-like GTPase Ypt7p (Haas et al., 1993a, 1993b). Disassembly was proposed to rearrange
1995), by Sec17p and Sec18p (Haas and Wickner, sub- the SNAREs and drive fusion of the lipid bilayers (SoÈ llner
mitted), by a complex form of thioredoxin (Xu and Wick- et al., 1993a).
ner, 1996), and by other proteins of the vacuole mem- We now report studies of the role of Sec17p (a-SNAP
brane. homolog; Griff et al., 1992) and Sec18p (NSF homolog;
Many membrane trafficking processes depend on Wilson et al., 1989) in the in vitro reaction of vacuole
NSF, the N-ethylmaleimide (NEM)-sensitive fusion pro- fusion. In agreement with their close genetic and bio-
tein, and soluble NSF attachment proteins (SNAPs) chemical relationship described inearlier studies (Kaiser
(Rothman, 1994). SNAPs attach NSF to organelle mem- and Schekman, 1990; Clary et al., 1990; Griff et al., 1992;
branes (Clary et al., 1990). NSF and SNAPs support SoÈ llner et al., 1993a), Sec17p and Sec18p function to-
gether to promote the ATP-dependent release ofvesicular transport from the endoplasmic reticulum (ER)
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Sec17p from the membrane. However, Sec17p is re-
leased long before fusion occurs and can then be physi-
cally separated from the vacuole suspension without
loss of subsequent fusion. Sec17p can even be released
from separated vacuole populations before their mixing
without impairing the following docking and fusion
events. The subsequent reaction is sensitive to Gdi1p
and antibodies to Ypt7p, as well as to GTPgS, masto-
paran, and protein phosphatase inhibitors. Our results
indicate that Sec17p and Sec18p function must precede
that of the Ras-like GTPase Ypt7p and that Sec17p and
Sec18p function in a step that can precede docking,
rather than in bilayer fusion per se.
Results
Sec17p Is Released from the Membrane
before Fusion Occurs
The fusion step of vacuole inheritance can be assayed
in vitro by incubating isolated vacuoles with cytosol
and ATP. The assay employs vacuoles from two yeast
strains. One strain has a normal complement of prote-
ases, but lacks alkaline phosphatase. The other strain
lacks vacuolar proteinases A and B, which are needed
for processing pro-alkaline phosphatase and therefore
bears the inactive pro-form. Upon fusion, the proteases
from one fusion partner cleave the pro-alkaline phos-
phatase from the other partner, yielding the active, ma-
ture form. Alkaline phosphatase activity is determined
spectrophotometrically.
We have used this assay to analyze kinetically the
requirement of vacuolar fusion for Sec17p (a-SNAP) and
Sec18p (NSF). Sec17p and Sec18p bound to the vacu-
oles were traced by immunoblotting. Vacuoles were in-
cubated with cytosol, ATP, and a physiological salt con-
centration, i.e., under fusion conditions. At different
Figure 1. Sec17p Is Released Early in the Reactiontimes, aliquots were centrifuged to assay membrane-
For each timepoint, an incubation equivalent to six standard fusionbound Sec18p and Sec17p. Unexpectedly, Sec17p was
reactions was begun with either the ATP regenerating system, 0.5
completely (>98%) released from the vacuoles within 15 mM MgAMP-PNP, or the ATP regenerating system plus 5 mM EDTA.
min, i.e., at a very early stage of the fusion reaction Another sample received the ATP regenerating system, but was left
(Figure 1A). It could be recovered from the supernatant on ice. Aliquots were withdrawn after different times at 278C. An
aliquot equivalent to five standard reactions (30 mg vacuoles) wasby acid precipitation (data not shown).Adenylyl-imidodi-
used to assay bound proteins by SDS±PAGE and immunoblottingphosphate (AMP-PNP), EDTA, or low temperature pre-
with antibodies to Sec17p (A) and Sec18p (B).vented Sec17p release, indicating its dependence on
(C) At the indicated times, an aliquot equivalent to one standard
MgATP hydrolysis. Little Sec18p was released from the reaction was placed on ice to prevent further fusion. Alkaline phos-
membrane (Figure 1B). This is in contrast with the rapid phatase activity was then assayed to quantitate fusion. The back-
and complete release of Sec17p. Sec18p, which is not in ground signal present at 0 min is due to a low enzymatic activity of
pro-alkaline phosphatase.stoichiometric excess over Sec17p (A. M., unpublished
data), must therefore be bound to the vacuoles by a
receptor distinct from Sec17p. In parallel, fusion activity
To rule out the possibility that the released, solublewas measured using the assay of pro-alkaline phospha-
Sec17p was still required, we removed it by centrifuga-tase maturation. The time course of fusion was recorded
tion and resuspension of the vacuoles in fresh buffer.by starting a complete reaction and placing aliquots on
This experiment was performed in the absence of cyto-ice at different times. Fusion continued for 90 min and
sol to exclude any external source of Sec17p. Efficientwas inhibited by AMP-PNP, EDTA, or low temperature
fusion occurs in the absence of cytosol when the vacu-(Figure 1C). It could be observed directly by fluores-
oles are used immediately after isolation and withoutcence microscopy after staining with the vacuole-spe-
preceding salt washes. The requirement for cytosoliccific dye FM4-64. In agreement with the enzymatic fu-
components can then largely be satisfied by proteinssion assay, the vacuoles continuously grew larger (data
present on the membranes. Aliquots were withdrawn atnot shown; see also Figure 3; Conradt et al., 1992; Haas
different times of a fusion reaction. The vacuoles wereet al., 1994, 1995). Only 20% of the fusion occurred
reisolated, suspended in fresh reaction buffer withoutin the first 15 min, i.e., in the reaction phase yielding
complete release of Sec17p. cytosol, and allowed to continue fusion for the rest of
Sec17p and Sec18p in Vacuole Fusion
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Figure 3. Fusion of Vacuoles from sec17-1 and sec18-1 Mutants
Fusion reactions with vacuoles and cytosols prepared from sec18-1
(RSY271) and sec17-1 (RSY270) mutants and their wild-type equiva-
lents (RSY249 and RSY248) were incubated for 90 min on ice or
at 278C. The vacuoles were stained with FM4-64, and fusion was
assessed by fluorescence microscopy.
Figure 2. Released Sec17p Is No Longer Required for Fusion
A fusion reaction corresponding to 11 standard reactions was completely removed by the reisolation (Figure 2B). Since
started for each timepoint. The reaction was performed in the ab- 80% of fusion occurred after these 15 min, Sec17p was
sence of cytosol to exclude any external source of Sec17p. At each required only in the initial phase of the reaction, rather
timepoint, one sample was divided into standard fusion reactions. than during fusion per se.
(A) One standardreaction was left undisturbed, and four were centri-
fuged (2 min at 8000 3 g at 48C). The vacuoles were resuspended
Sec17p and Sec18p Action Precede theeither in their own supernatant (leaving released Sec17p in the reac-
tion) or in an equivalent volume of fresh reaction mixture (thereby Requirement for the Ras-like GTPase Ypt7p
removing released Sec17p). One of each of the reisolated aliquots To substantiate the involvement of Sec17p and Sec18p
was set on ice. The others were incubated at 278C for the rest in an early phase of fusion, we had to establish tools
of the 90 min reaction period. Fusion was measured via alkaline for a kinetic analysis. Antibodies against either Sec17p
phosphatase activity.
or Sec18p inhibited fusion by 85%±90% in thebiochemi-(B) An aliquot equivalent to five standard reactions was assayed for
cal assay (see Figure 4).Similarly, vacuoles isolated frombound Sec17p, as in Figure 1.
sec18-1 and sec17-1 mutants showed a striking defect
in vacuole fusion, as judged by microscopy (Figure 3).
Thus, the antibodies reproduced the defect seen withthe incubation. As controls, vacuoles were either resus-
pended in their own supernatant or were left undis- mutant vacuoles and offered an approach to the kinetic
analysis. We mixed aliquots of a fusion reaction withturbed, i.e., without reisolation and resuspension. The
progression of the fusion reaction was monitored via the antibodies after different times of incubation (Figure
4). When added from the start, either antibody abolishedaliquots that were placedon ice. Transfer of thevacuoles
to fresh reaction buffer did not influence the reaction at fusion. After 10±15 min, however, the reaction was com-
pletely resistant to the antibodies, indicating that neitherany time (Figure 2A). Nevertheless, Sec17p had been
released from the membrane within 15 min and was Sec17p nor Sec18p was required any longer. The time
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Figure 4. Kinetics of Sensitivity of Fusion to
Inhibitors
Samples (12-fold standard volume) were in-
cubated at 278C and divided into standard
reactions at different times. These aliquots
were transferred to tubes containing inhibi-
tors or buffer only and incubated at 278C for
the rest of the 90 min reaction. Another ali-
quot, which received only buffer, was set on
ice. After 90 min, fusion was measured. The
graphs present the average of five indepen-
dent experiments with standard deviation.
The curves for the samples that received
buffer or antibodies to Sec17p are displayed
in all graphs for comparison. To facilitate av-
eraging, the data were normalized: the activ-
ity of the samples incubated at 278C with
buffer only was set to 100%, and the activity
of the sample set on ice at 0 min is the 0%
reference. In the five experiments, the maxi-
mal fusionactivities in thesamples with buffer
only were 2.1 6 0.11 U, 2.8 6 0.15 U, 2.5 6
0.17 U, 3.2 6 0.24 U, and 2.2 6 0.14 U. The
background, given by samples set on ice at
0 min, varied from 0.21 to 0.45 U. Inhibitor
concentrations were as follows: affinity-puri-
fied antibodies against Sec18p, 70 mg/ml;
Sec17p, 70 mg/ml; Ypt7p, 120 mg/ml; Gdi1p,
120 mg/ml; apyrase, 10 U/ml; mastoparan, 15
mM; microcystin-LR, 7.5 mM; FCCP, 10 mM;
GTPgS, 1 mM.
courses of sensitivity to Sec17p and Sec18p antibodies I and II, and GTPgS, a nonhydrolyzable GTP analog. The
sensitivity to these three reagents demonstrates thatwere coincident, reflecting their close biochemical and
genetic interaction (Clary et al., 1990; Kaiser and Schek- there is ongoing fusion in late phases of the reaction,
rather than merely slow maturation of the pro-alkalineman, 1990; SoÈ llner et al., 1993a). In contrast, other com-
ponents were needed for much longer periods. For phosphatase, which might have given a similar effect.
This conclusion is supported by a microscopic examina-30±40 min, the reaction remained sensitive to Gdi1p
(which extracts Ypt7p from the vacuoles; Haas et al., tion of aliquots of the fusion reactions (data not shown;
see also Figure 3; Conradt et al., 1992; Haas et al., 1994,1995) and to antibodies against Ypt7p. This suggests
that the Ras-like GTPase Ypt7p acts after Sec17p/ 1995). After 20 min, i.e., when the reaction was already
Sec17p/Sec18p independent, there had been little in-Sec18p or in parallel to them. ATP and a pH gradient
were required over the same period as Ypt7p, as shown crease in size of the vacuoles. At later times, many vacu-
oles had two to three times the initial diameter. Thus,by the sensitivity to either the ATPase apyrase or to the
proton uncoupler FCCP. Since the ATP requirement is the vacuoles engaged in multiple fusion events over the
full 90 min incubation period.fulfilled much later than the Sec17p/Sec18p require-
ment, other ATP-dependent reactions must occur after, Are any of the reaction components required prior to
Sec17p/Sec18p? We addressed this question by mea-or in parallel to, Sec17p/Sec18p. Establishment of a
proton gradient by the vacuolar proton ATPase is one suring the effect of reaction inhibitors on the release of
Sec17p. Fusion reactions were started in the presenceof these processes, but there may be other unidentified
ATP-dependent steps. of the individual inhibitors. At different times, vacuoles
were reisolated and assayed for bound Sec17p (FigureFusion remained sensitive to three other inhibitors
(Conradt et al., 1994; Haas et al., 1994) throughout the 5). Sec17p release was prevented by apyrase and by
antibodies against either Sec17p or Sec18p. This sug-reaction (Figure 4): the peptide mastoparan, suggesting
an involvement of heterotrimeric G proteins, microcys- gests that Sec18p operates on Sec17p to mediate its
ATP-dependent release. The temporal match betweentin-LR, which acts on Ser/Thrprotein phosphatase types
Sec17p and Sec18p in Vacuole Fusion
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Figure 6. Sec17p/Sec18p Action Must Precede the Ypt7p Step
Figure 5. Influence of Fusion Inhibitors on the Release of Sec17p
Standard fusion reactions were started in the presence (top) or
Samples equivalent to five standard fusionreactions were incubated absence (bottom) of 2.5 mg of affinity-purified antibody to Sec18p.
at 278C with various inhibitors. At the indicated times, the reactions After 30 min at 278C, the samples received purified Gdi1p (4 mg),
were stopped by 5-fold dilution with wash buffer, and the vacuoles antibodies to Ypt7p (4 mg), or buffer. After 5 min at 278C, purified
were assayed for bound Sec17p. Inhibitor concentrations were as dithiothreitol (75 mM final concentration) and, where indicated,
in Figure 4. Sec18p (0.4 mg) was added to reactivate the Sec18p pathway. A
control sample received only buffer. After further incubation for 90
min at 278C or on ice, fusion was measured. A standard reactionresistance to Sec17p and Sec18p antibodies (Figure 4)
kept on ice throughout the incubations indicates the background.
and the release of Sec17p from the vacuoles (Figures
1, 2, and 5) underscores this point. In contrast, none
of the other inhibitors, including Gdi1p or antibodies
against Ypt7p, influenced Sec17p release. Thus, neither incubation, as judged from samples placed on ice before
and after this period (Figure 6, top, lanes 4 and 6). AfterYpt7p, heterotrimeric G proteins (mastoparan targets),
nor protein phosphatases (microcystin-LR targets) is the 30 min, aliquots received Gdi1p, Ypt7p antibodies,
or buffer only. Purified Sec18p was then added to over-required for the Sec18p-driven release of Sec17p. In-
stead, they act in subsequent stages or independent of come the block by Sec18p antibodies, and a second
incubation was performed for 90 min (Figure 6, top, lanesSec17p/Sec18p.
The kinetic relationship between Sec17p/Sec18p and 1±3). Despite the 30 min preincubation, fusion remained
fully sensitive to Gdi1p (Figure 6, top, lane 1) or anti-Ypt7p activities was determined by a two-stage experi-
ment. If Ypt7p could act in parallel to Sec17p/Sec18p, Ypt7p antibodies (lane 2). Either reagent reduced fusion
to the background given by a sample incubated withoutthe requirement for it might be fulfilled while the Sec17p/
Sec18p reaction is inhibited. If Ypt7p can only act after Sec18p (lane 5). Thus, the Ypt7p requirement had not
been fulfilled while the Sec17p/Sec18p pathway wasSec17p/Sec18p, the reaction should retain its Ypt7p
requirement as long as Sec17p/Sec18p is blocked. To blocked. To ensure that the vacuoles could have over-
come the Ypt7p requirement within 30 min, paralleltest this, vacuoles were preincubated with Sec18p anti-
bodies for 30 min under fusion conditions (Figure 6, top samples were incubated without Sec18p antibodies in
the the first step (Figure 6, bottom). When thepanel). This period of time is sufficient to fulfill the Ypt7p
requirement in the absence of inhibitor (compare with Sec17p/Sec18p pathway was active, the vacuoles did
become independent of Ypt7p after 30 min (Figure 6,Figure 4). Very little fusion occurred during this 30 min
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This still left the possibility that prefusion complexes
had to be formed between the partner vacuoles, which
were then activated by Sec17p/Sec18p. If so, the re-
quirement for Sec17p/Sec18p could not be fulfilled while
the fusion partners are in separate tubes. We therefore
started two separate reactions, each with only one of
the fusion partners. At different times, aliquots of the
separate reactions were withdrawn, chilled, supple-
mented with antibodies against Sec17p or Sec18p, and
mixed. After just 10 min of separate preincubation, the
fusion signal, which was obtained after combining the
fusion partners, was resistant to both antibodies (Figure
8). Thus, although the vacuole populations were sepa-
rated, they passed the Sec17p/Sec18p-dependent
stage in the same time frame as reactions permitting
contact of both fusion partners (see Figure 4). In these
first 10 min, Sec17p had also been completely released
from the vacuoles in the separate samples (data not
shown). Therefore, Sec17p and Sec18p can act before
stable contact between the membranes occurs, i.e., be-
fore docking.
The ATP requirement could also be fulfilled while the
fusion partners were separated. Apyrase, added at 0Figure 7. Uncoupling the Sec17p/Sec18p Step from Membrane
Fusion min instead of the Sec17p and Sec18p antibodies, fully
Standard fusion reactions were started in the presence of GTPgS suppressed fusion. However, after separate preincuba-
(1 mM). After 15 min at 278C, the vacuoles were reisolated and tion for 30 min without apyrase, the docking and fusion
resuspended in (ice-cold) reaction mixturewithout GTPgS. The sam- steps were resistant to ATP depletion (Figure 8). The
ples then received the indicated combinations of GTPgS (1 mM),
ATP requirement persisted longer than the Sec18p re-Sec18p antibodies (2.5 mg), and buffer. They were incubated at
quirement, indicating that a second ATP-dependent278C for 90 min or left on ice (to assay fusion occurring in the first
incubation; lane 4), and fusion was measured. A control sample was process is involved that is distinct from the Sec17p/
left on ice throughout (lane 5). A reaction without inhibitor indicates Sec18p step (see also Figure 4). Nevertheless, free ATP
the maximal fusion signal (lane 6). is only required in an activating phase that precedes
docking. This further supports the notion that Sec17p/
Sec18p activity is required only in a predocking step,
bottom, lanes 1±3). Thus, Ypt7p can only act after
since Sec17p release, driven by Sec18p, depends on
Sec17p/Sec18p.
free ATP (it is inhibited by AMP-PNP and apyrase; see
Figures 1A and 4). Thus, Sec17p/Sec18p and free ATPSec17p and Sec18p Can Act Prior
are not required to drive bilayer fusion directly.to Membrane Docking
Our data suggest that Sec17p are Sec18p are required
for a step that can precede bilayer fusion and contents
Sec18p-Driven Release of Sec17p Ismixing. This was confirmed independently by a two-
Independent of Membrane Contactstage experiment (Figure 7) using GTPgS as a reversible
Since Sec17p/Sec18p can act before docking, Sec17pinhibitor. GTPgS inhibits late stages of vacuole fusion,
release should not requirecontact between the vacuolesbut most likely not the Ypt7p-dependent step (A. H.,
and hence should be independent of the vacuole con-unpublished data). The reaction was started in the pres-
centration. We therefore assayed Sec17p release inence of GTPgS to prevent fusion yet permit Sec17p
samples diluted up to 40-fold. Dilution did not interfererelease. During this first incubation, Sec17p was com-
significantly with Sec17p release (Figure 9A), but com-pletely released from the membrane (data not shown),
pletelyprevented vacuole fusion (Figure 9B).This cannotbut very little fusion had occurred (Figure 7, lane 4 versus
be due to dilution of an essential component dissociat-lane 5). For the second stage, vacuoles were reisolated,
ing from the vacuole membrane, since released proteinsresuspended in fresh reaction buffer, and incubated in
can be removed without compromising further fusionthe presence of Sec18p antibody. When GTPgS was
(see Figure 2A). Moreover, the vacuoles can be recon-present in the second incubation, the vacuoles remained
centrated and then resume fusion (data not shown).unable to fuse (Figure 7, lane 2). In the absence of
Thus, although spatial separation in the diluted sampleGTPgS, however, the vacuoles could fuse despite the
reduces the chances for docking events sufficiently toremoval of Sec17p (data not shown) and the presence
block fusion, it has no effect on Sec17p release. Thisof Sec18p antibody (Figure 7, lane 1). The fusion signal
indicates that Sec17p release does not depend onwas similar to that of parallel samples left without GTPgS
docking.and anti-Sec18p antibody during the second incubation
In summary, Sec17p release, mediated by Sec18p and(Figure 7, lane 3) or throughout the reaction (lane 6).
ATP hydrolysis, occurs on each vacuole individually andThis indicates that GTPgS did not irreversibly damage
independently and precedes Ypt7p action as well as thethe system. Thus, the requirement for Sec17p and
Sec18p can be satisfied prior to membrane fusion. interaction between the membranes.
Sec17p and Sec18p in Vacuole Fusion
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Figure 9. Sec17p Release Is Independent of the Vacuole Concen-
tration
(A) Vacuoles (10 mg per sample) were incubated at different final
membrane concentrations under fusion conditions (i.e., in 33±1500
ml of the reaction buffer with standard concentrations of all other
reagents). At various times, the reactions were adjusted to 1.5 ml
with reaction buffer and stopped by adding 5 mM EDTA from a 0.25Figure 8. The Requirements for Sec17p, Sec18p, and ATP Can Be
M stock. The vacuoles were reisolated (10 min at 12,000 3 g at 28C)Fulfilled while the Vacuoles Are in Separate Tubes
and assayed for bound Sec17p.
Two separate samples, each equivalent to five standard fusion reac-
(B) In parallel, fusion reactions were performed (90 min at 278C ortions, were incubated at 278C. One contained BJ3505 vacuoles car-
on ice) under the same conditions. They were adjusted to 1.5 mlrying the pro-alkaline phosphatase (B), whereas the other contained
volume by adding reaction buffer, and the vacuoles were reisolatedDKY6281 vacuoles harboring the maturation enzyme, proteinase A
(10 min at 12,000 3 g at 28C). The pellets were resuspended in 35(D). At the indicated times, aliquots were withdrawn from the reac-
ml of PS buffer. Fusion was then assayed.tions, chilled, and transferred into a tube containing apyrase (10 U/
ml), antibodies to either Sec18p (2.5 mg) or Sec17p (2.5 mg), or buffer
only. The tubes were centrifuged briefly (1 min at 8000 3 g at 48C), this 7S complex recruits a-SNAP and NSF, which then
mixed by gentle vortexing, and incubated for 90 min at 278C or on mediate the ATP-dependent disassembly of the SNARE
ice, and fusion was measured. The graphs present the average of
complex. Disassembly of the complex was proposed tofour independent experiments with standard deviations. The curves
coincide with bilayer fusion (SoÈ llner et al., 1993a). Afor the reactions on ice and with buffer only are included in both
panels for comparison. The signal from samples with 0 min preincu- modified hypothesis (O'Connor et al., 1994) accommo-
bation and only buffer added is the 100% reference. These were dates the finding that the requirement for ATP and
1.8 U, 2.3 U, 1.9 U, and 2.2 U inthe four experiments. The background a-SNAP in regulated exocytosis is fulfilled in a priming
from the corresponding sample on ice was set to 0% (varying from step that precedes the actual, Ca21-triggered fusion step
0.17 U to 0.35 U).
(Hay and Martin, 1992; Chamberlain et al., 1995). This
model is largely identical to that of SoÈ llner et al. (1993a),
but a-SNAP and NSF are assumed to use ATP to formDiscussion
activated, metastable prefusion complexes on docked
vesicles. In contrast, Morgan and Burgoyne (1995) spec-Our findings are relevant for general models of NSF and
a-SNAP function. Three hypotheses have been formu- ulated that NSF and SNAPs might have a chaperone-
like function and modify the conformation of SNAREslated to explain the function of a-SNAP and NSF in
regulated exocytosis. Synaptic vesicles dock to the pre- to activate them for docking, fusion, or both.
Our kinetic analysis of homotypic vacuole fusion dem-synaptic membrane and pair their v- and t-SNAREs,
which form a 7S complex. It was first hypothesized that onstrates that the a-SNAP homolog Sec17p can perform
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its function at a predocking stage. Vacuoles can release Orci et al. (1989) demonstrate that NSF is needed after
vesicle formation and uncoating, they did not establishSec17p from the membrane and become insensitive to
Sec17p antibodies before docking occurs. Moreover, whether NSF acted at or before docking, or in bilayer
fusion per se.released Sec17p can be removed from the reaction
without inhibiting subsequent fusion. In contrast with How can the action of Sec18p and Sec17p in a pre-
docking stage be reconciled with the well-documentedSec17p, the NSF homolog Sec18p remains bound to the
membrane throughout the reaction. It could potentially function of NSF and a-SNAP in disrupting the 7S SNARE
complex? So far, formation and disruption of the 7Sfunction in later stages of the reaction. However, in addi-
tion to the well-characterized close biochemical and complex has been studied exclusively in detergent ex-
tracts or with recombinant, purified components (e.g.,genetic interaction of Sec17p and Sec18p (Kaiser and
Schekman, 1990; Griff et al., 1992) and their mammalian SoÈ llner et al., 1993a; McMahon and SuÈ dhof, 1995; Hay-
ashi et al., 1994; Otto et al., 1995). However, the stage ofcounterparts (Clary et al., 1990; Wilson et al., 1992;
SoÈ llner et al., 1993a), a numberof our observations argue the trafficking process that requires this ATP-mediated
SNARE disassembly has not been determined. It mayagainst a late, independent role for Sec18p. First,
Sec18p cooperates with Sec17p in our reaction, since be an early, priming stage, the later fusion step, or the
recycling of SNAREs after a docking and fusion event.antibodies to Sec18p inhibit the release of Sec17p as
well as the subsequent fusion. Inhibition is reversible, It was hypothesized that the observed NSF-dependent
disassembly of the 7S complex occurs during the actualsince both reactions can be restored by addition of puri-
fied Sec18p (Figure 6). Second, resistance to antibodies bilayer fusion. However, the experimental evidence is
equally consistent with NSF and a-SNAP acting at anto Sec17p and Sec18p is achieved with identical kinet-
ics. It occurs early in the reaction and coincides with earlier stage, as detailed below. Thus, we stress the fact
that our data do not contradict experimental evidenceSec17p release. Third, the requirement for Sec17p and
Sec18p activity can be fulfilled while the fusion partners from other systems, but rather add information on the
order of events occurring in the environment of an intactare separated, i.e., before docking. Fourth, free ATP,
which is needed for NSF and Sec18p activity (Wilson et membrane.
al., 1989, 1992; Tagaya et al., 1993; Whiteheart et al.,
1994; SoÈ llner et al., 1993a), is only necessary in a pre-
Possible Functions of Sec18p/NSFdocking stage of vacuole fusion. Fifth, NEM, which inac-
and Sec17p/a-SNAPtivates NSF as well as Sec18p (Block et al., 1988; Wilson
Our results suggest novel, testable models for the roleset al., 1989), only inhibits when added at the beginning
of Sec18p/NSF and Sec17p/a-SNAP in trafficking reac-of the reaction (A. H., unpublished data). Therefore, if
tions. Their common theme is that Sec18p/NSF andSec18p were to participate in docking or postdocking
Sec17p/a-SNAP may regulate the association state ofevents of vacuole fusion, this function would have to be
SNAREs to allow the formation of new 7S complexes.antibody insensitive, independent of Sec17p and ATP,
Thus, for vacuole fusion, the vacuoles can be ªprimedºand NEM insensitive. Thus, it would defy the established
prior to docking by Sec18p-dependent ATP hydrolysis,hallmarks of NSF and Sec18p enzymology. We consider
resulting in Sec17p release that may alter or prime thethis unlikely and conclude that Sec17p and Sec18p co-
SNARE structure. The primed vacuoles then undergooperate and can perform their function in a predocking
docking and fusion in reactions that require Ypt7p andstage of vacuole fusion.
are sensitive to inhibitors such as mastoparan, GTPgS,How does this finding relate to previous results ob-
and microcystin-LR. There are several, mutually nonex-tained in other systems? An early role for a-SNAP and
clusive possibilities for the molecular nature of the prim-NSF is supported by studies of regulated exocytosis
ing reaction.showing that both proteins function in an ATP-depen-
Inactive SNARE complexes from a previous round ofdent priming step that precedes the Ca21-triggered,
docking may be present on the membranes. Sec18p/ATP-independent fusion of the bilayers (Hay and Martin,
NSF-mediated disassembly of the SNARE complex1992; Chamberlain et al., 1995). However, a distinction
would then be needed to reactivate the SNAREs for abetween a predocking, docking, or immediate prefusion
new reaction cycle. An analysis of undocked vesiclesfunction was not made in these investigations. Observa-
in the synapse agrees with this idea (Walch-Solimenations from Golgi transport assays used in pioneering
et al., 1995). Considerable pools of the t-SNAREs syn-studies to identify SNAP and NSF activities (Malhotra
taxin and SNAP-25 recycle with synaptobrevin in synap-et al., 1988; Block et al., 1988; Clary et al., 1990; Clary
tic vesicles, although other components of the plasmaand Rothman, 1990) can also be reconciled with our
membrane remain excluded from the vesicles. It will beresults. Malhotra et al. (1988) found that both donor
interesting to learn whether v- and t-SNAREs on theseand acceptor membranes must be incubated with active
vesicles exist in a 7S complex.NSF and ATP to obtain fusion. A low cytosol±requiring
The problem of recycling membranes and reactivatingintermediate that led these authors to postulate that
SNAREs is equally important for all stages of vesicularNSF acted before the step of bilayer fusion was later
traffic, including the well-studied example of ER to Golgifound to reflect a kinetic limitation to the reporter reac-
traffic. From temperature-sensitive sec18-1 mutants,tion rather than to trafficking per se (Hiebsch and Wat-
Sùgaard et al. (1994) recovered a complex containing atenberg, 1992). Orci et al. (1989) demonstrated that Golgi
number of proteins, among them the ER v-SNAREtransport vesicles accumulated when NSF was inacti-
Bos1p, the Golgi t-SNARE Sed5p, and Sec17p. This wasvated. The vesicles were consumed upon readdition of
purified NSF. Although both Malhotra et al. (1988) and interpreted as evidence for a postdocking role of Sec18p
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and as support for its proposed role as a direct catalyst synaptobrevin binds to synaptophysin (Edelmann et al.,
1995), and syntaxin1 can interact with itself (Calakos etof bilayer fusion. The complex contained approximately
half of the total v-SNARE Bos1p. Therefore, ER to Golgi al., 1994) and, with low affinity, with complexins (McMa-
hon et al., 1995). It is not known how the interactionstransport vesicles were postulated to accumulate in a
docked state under nonpermissive condition. In con- with these regulatory components are disrupted in the
intact membrane topermit the formation of SNAREcom-trast, Kaiser and Schekman (1990) reported a massive
accumulation of transport vesicles in sec18-1 cells plexes or their disassembly. a-SNAP and NSF, which
interact with SNAREs and couple metabolic energy toshifted to restrictive conditions. These vesicles were
dispersed in the cytosol. In addition, in vitro studies the regulation of their structure, appear to be promising
candidates for such a function.by Rexach and Schekman (1991) support a function
of Sec18p prior to membrane fusion. In this study, ER How could the early function of Sec17p and Sec18p
be related to the requirement for Ras-like GTPases? Intransport vesicles were generated from sec18-1 mutant
extracts. These vesicles did not bind to the Golgi, al- yeast mutants with a defect in the Ras-like GTPase
Ypt1p, ER to Golgi transport vesicles cannot dock andthough in control samples, in which Sec18p was intact
and fusion was blocked by EGTA, the vesicles did bind fuse (Segev, 1991; Rexach and Schekman, 1991). Lian
et al. (1994) showed that the association of the v-SNAREto the Golgi. Thus, binding sites on the Golgi were abun-
dant, but could not be used in sec18-1 samples. These subunits Bos1p and Sec22p is disrupted in these mu-
tants. Ypt1p was therefore proposed to be involved inresults can be reconciled by assuming that v- or
t-SNARE complexes accumulate either on the transport assembling the two subunits, leading to activation of
the v-SNARE. We show here that the Ras-like GTPasevesicles of the anterograde or retrograde pathway or on
Ypt7p can only act after Sec17p and Sec18p to promotethe ER or Golgi itself. Sec18p may then be necessary
vacuole fusion. Based on our data and the result of Lianto disassemble this complex prior to the next reaction
et al. (1994), we speculate that Sec17p/Sec18p alterscycle and reactivate the SNAREs. This would be consis-
the association of SNAREs with each other or with ac-tent with our results and with both the in vitro studies
cessory proteins and leaves them in a distinct conforma-of Rexach and Schekman (1991) and the in vivo studies
tion or association. Ypt7p may then convert the SNAREsof Kaiser and Schekman (1990).
into the active form, e.g., by assembling their subunitsIn addition to dissociating the 7S complex, Sec17p/
(Lian et al., 1994). Alternatively, Ypt7p could act either toa-SNAP and Sec18p/NSF may have other functions.
enhance the specificity of the reaction by a proofreadingSec17p/a-SNAP might serve a ªfusion clampº role by
activity or to set the stage for the assembly of otherbinding to an individual, undocked SNARE and shielding
fusion components. Another possibility is that severalit from interaction with its cognate v- or t-SNARE.
Ras-like GTPases contribute to the reaction and thatSec17p/a-SNAP would then have to be removed to
those acting before Sec17p and Sec18p in a Ypt1p-likemake the SNARE accessible for pairing or to change its
fashion have yet to be identified.conformation to activate it for docking (or both). There
The vacuole system combines favorable kinetic pro-is precedent for both of these subreactions in the neural
perties and a rapid colorimetric fusion assay with thesystem. First, a-SNAP can bind to monomeric syntaxin
ability to observe docking and fusion in the light micro-and SNAP-25 (SoÈ llner et al., 1993a; Hayashi et al., 1995;
scope. This will be a valuable tool to establish furtherMcMahon and SuÈ dhof, 1995; Hanson et al., 1995). Sec-
subreactions, characterize the involved components,ond, a-SNAP mediates an NSF- and ATP-dependent
and dissect the order of events more precisely.conformational change in syntaxin, as well as disruption
of the syntaxin±SNAP-25 interaction (Hanson et al.,
Experimental Procedures1995; Hayashi et al., 1995). This leaves syntaxin tran-
siently incompetent for rebinding a-SNAP, suggesting Materials
that the conformational change is metastable. A similar GTPgS (>92%) was obtained from Boehringer Mannheim (Penzberg,
behavior is seen in the vacuole system. Upon adding Federal Republic of Germany); pipette tips with wide orifices and
reaction tubes (siliconized) were from USA Sci. Plastics (Ocala, FL);ATP, Sec17p is rapidly released from the membrane.
Centriprep filtration units were from Amicon (Beverly, MA). TheRebinding, however, is slow, even after ATP hydrolysis
sources of other chemicals and the yeast strains are described inhas been shut off by withdrawal of Mg21 or by chilling
Conradt et al. (1992, 1994) and Haas et al. (1994, 1995). sec18-1
on ice (A. M., unpublished data). This observation is and sec17-1 strains are described in Kaiser and Schekman (1990).
consistent with a conformational change in the SNARE
protein(s). Biochemical Procedures
The following techniques followed published procedures: SDS±A third possible priming role for NSF and SNAPs might
polyacrylamide gel electrophoresis (SDS±PAGE), sample prepara-be to facilitate an exchange of binding partners of
tion, and immunoblotting using ECL (Haas et al., 1995), Gdi1p purifi-SNAREs. SNAREs not only interact with each other and
cation from Escherichia coli BL21 (pNB620) (Garrett et al., 1994), and
with SNAPs, but also with other proteins. For example, purification of His-6-tagged Sec18p (Haas and Wickner, submitted).
Sec1p and its mammalian homolog n-Sec1 bind tomem- IgG was affinity purified (Haas et al., 1995) after the serum was
bers of the syntaxin family (Aalto et al., 1993; Hata et heated (568C for 20 min) and centrifuged (15 min at 15,000 3 g at
28C). IgG was dialyzed against 100 vol of PS buffer (10 mM PIPES±al., 1993; Pevsner et al., 1994; Sùgaard et al., 1994;
KOH [pH 6.8], 200 mM sorbitol) with 150 mM KCl, concentrated byGarcia et al., 1994). n-Sec1 prevents the in vitro interac-
ultrafiltration, and stored at 2808C. Stock solutions for inhibitors ortion of the t-SNARE subunits syntaxin and SNAP-25.
antibodies were made in PS buffer (see below) with 150 mM KCl,
The yeast Sec1p homolog Sly1p was found in the SNARE ethanol (for 10 mM carbonyl cyanide p-trifluoromethoxyphenylhy-
complex, which does not, however, exclude a role for drazone [FCCP]), or DMSO (for 2 mM microcystin-LR and 10 mM
FM4-64) and kept at 2808C.Sly1p in regulating its formation. Moreover, thev-SNARE
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Note Added in Proof
The paper referred to throughout as Haas and Wickner, submitted,
has now been accepted for publication: Haas, A., and Wickner, W.
(1996). Homotypic vacuole fusion requires Sec17p (yeast a-SNAP)
and Sec18p (yeast NSF). EMBO J., in press. In Figure 3, samples
labeled with ª0 minº were kept on ice for 90 min. Samples labeled
with ª90 minº were incubated at 278C for 90 min.
